Abstract This article gives an overview of the studies on the environment surrounding the Abisko Scientific Research Station in Swedish Lapland. The long-term monitoring of the Station on processes related to the climate, and to the physical, biotic, and chemical environmental conditions is particularly addressed. Some variables are recorded since more than 100 years. The obtained data in combination with results from short-term studies and manipulation experiments are important to understand past and future conditions of the ecosystems. This has practical applications for the planning of tourism, transports, reindeer herding, and for societal purposes.
ENVIRONMENTAL MONITORING
The Abisko Scientific Research Station (hereafter Abisko Station) (Fig. 1) has an extensive environmental monitoring programme including observations of the climate and the physical, biotic, and chemical environment around the Station. Some of these process-oriented studies started a long time ago. The formation and break-up of ice on Lake Torneträsk (Sonesson and Lilliesköld 2000) have for example been recorded for more than 100 years (Fries 1925) and records are still ongoing. Statistical analysis has been applied to data on precipitation, snow depth, lake ice onset and break-up, and active layer thickness to evaluate long-term trends in climate and the cryosphere. While century-long fluctuations were seen, a striking acceleration of changes since the 1980's was evident . Temperature has been recorded at the Abisko Station for nearly 100 years. Also data derived from various projects at other locations have been added to this time series although at different times and for short periods only. Recently, all these data have been used in a temperature model for the whole Abisko area with high resolution. Currently, temperature records exist since 1913 for every 50 9 50-m grid cell (Zhenlin et al. 2011) . These data have numerous applications such as explaining past distributions of the forest and permafrost (Zhenlin et al. 2012) and are currently used to model future ecosystem responses to climate change (Miller and Smith 2012) . Such high resolution information can be used to inform stakeholders about possible future environmental change and can be an aid to develop adaptation strategies for reindeer herding, tourism, transports, societal planning, etc.
Monthly snow depth data have recently been digitized and they represent an almost 100-year-long series of snow records in the Arctic. An increase by 2 cm per decade has been detected, but no change at the start and end of the snow season was found when data were re-analyzed in 2004 (Kohler et al. 2006) . When focusing on the last three decades using repeat photography, the start of the snow melt period has indeed become earlier and the period of snow cover has decreased by 3.1-5.1 weeks (Andrews et al. 2011 ).
An article on the Abisko Station's 50-year record snow stratigraphy has recently been published (Johansson et al. 2011a, b) . This data set demonstrates that mid-winter thaws are becoming more frequent and more completely covering the ground although the periods of thaw have become shorter. These events are represented in the snow profiles by the occurrence of ice and hard snow layers. They are usually observed at the base of the snow pack where they often mean starvation of lemmings and voles (Kausrud et al. 2008) , and serious obstacles for grazing of reindeer. The analysis of this stratigraphical series was made in collaboration with Saami people who since centuries have experience and knowledge of the relationship between snow quality and grazing success of reindeer (Riseth et al. 2010) .
In the 1950's, Abisko Station started to monitor the biotic environment. Some measurements took place as early as the beginning of the twentieth century (Fries 1925) but were later discontinued. Today more than ten variables are measured including ecosystem structure and function, phenology, species diversity, and population dynamics (Karlsson et al. 2003; Molau et al. 2005; Andrews et al. 2011) . In the 1970's, studies of the chemical environment was initiated by the Swedish Environmental Protection Agency resulting in ongoing monitoring of water chemistry and atmospheric dry and wet deposition. Long-term changes in ecosystems in terms of plant community composition, tree-line dynamics, tree biomass, and phenology have recently been addressed in a special issue of AMBIO dedicated to the International Polar Year Project ''Back to the Future'' .
Long-term recording of the active layer thickness in permafrost areas was initiated in 1978 along an east-west transect south of Lake Torneträsk. Since 1986, it has been part of the Circumpolar Active Layer Monitoring Programme within the International Permafrost Association. The thickness has increased at all sites especially during the last 10 years in the westernmost part where the permafrost has even disappeared from two mires (Johansson et al. 2006a, b; Å kerman and Johansson 2008) . Long-term studies of boreholes also show an increase in permafrost temperatures (Johansson et al. 2011a, b) . The monitoring and research related to that it is a collaboration between Abisko Station and Lund University.
Solar radiation measurements at the Station are particularly valuable in an international context. The data have been used in studies of UV-B radiation trends (Lindfors 2002) and UV-B radiation impacts on vegetation (Lomax et al. 2008; Fraser et al. 2011 ).
Between year gaps in the data series but such studies are valuable for long-term comparisons, especially in the context of environmental change. In addition, Abisko Station has expanded its monitoring of biological parameters such as phenology, vole populations, and flying insects using the same methods as some of the other research stations within SCANNET, thereby placing the data sets into a wider context. The Abisko Station has also collaborated with some SCANNET Stations to introduce remotely operated photographic observations of winter snow cover. One development in 2004 was the establishment of an eddy correlation tower together with automated chambers to monitor CO 2 fluxes in the birch forest and its understory (Heliasz et al. 2011 ).
In early 2011, SCANNET proposed a major initiative for funding by the EU. The application was successful and united over 40 arctic and alpine research stations within a network in the project INTERACT 2 , now coordinated from the Royal Swedish Academy of Sciences. Joint research activities are developing and new technology are deployed to more effectively monitor the environment in remote and harsh regions. Some of the techniques will be tested at Abisko Station. In addition, state-of-the-art software is being developed to geo-tag all measurements and make data storage and retrieval more effective.
Other environmental monitoring is carried out in the vicinity of Abisko Station but without the direct involvement of the Research Station. These observations were initiated by the Swedish Environmental Protection Agency and include for example, heavy metal contaminants in moss and fish, bird populations, and tracks of large mammals.
RESEARCH ACTIVITIES Geomorphological Studies
Weathering studies in the Abisko region have focused on both the physical and the chemical weathering. In the valley of Kärkevagge, some 20-km west of Abisko, a research group from the USA led by C. Thorn from University of Illinois, has been studying weathering and soil formation processes for more than 10 years. They have shown that the chemical weathering by the transport of solute loads in river systems in Kärkevagge and other cold areas must be ranked highly in importance compared with the dramatic, but often highly localized contributions from alpine mass wasting processes (Dixon et al. 2002) . They have also shown that there is sufficient pedological evidence to support the argument that chemical weathering is of major importance even in cold areas (Darmody et al. 2008) . Current chemical weathering rates have been investigated through studies of buried machine-polished rock disks Thorn et al. 2006) . Present-day studies in the valley Latnjavagge (close to Abisko) by Beylich and others have also shown the importance of chemical weathering and denudation (Beylich et al. 2004a (Beylich et al. , b, 2005 Beylich 2005 (homogenous crystalline rocks) to 5 mm ka -1 (carbonate sedimentary rocks) (André 2002) .
The studies of slope processes at the Abisko Station have concentrated both on those of early Holocene age and those of present-day age. One of the key issues for geomorphologists has been to find out if the slope activities during the Holocene have been higher during certain phases or periods, such as immediately after deglaciation (because vast areas of paraglacial bare ground existed) or during periods of climatic deterioration (Nyberg 1985; Jonasson 1991 Jonasson , 1993 Rubensdotter and Rosqvist 2003; Antonsson 2008) . The major findings were that slope processes have been active during the entire Holocene. There are also indications that the activity has been higher during periods of climatic deterioration. However, recent investigations indicate that short-lasting precipitation events play a very important role in the geomorphological development of the landscape (Gude et al. 2000; Beylich 2005; Beylich and Sandberg 2005; Jonasson and Callaghan 2010) . These precipitation events normally occur during late summer and fall, and do not generally reflect any climatic trend. Therefore, it seems that a substantial part of the slope activity has been triggered by restricted meteorological events rather than by a climatic variation.
The study of slope processes in the Abisko region during the latest decades has found that the transfer of sediments through the geomorphological system, in this case down fairly recently deglaciated ''U''-shaped valley sides, is not as straightforward as previously thought (Nyberg 1985; Strömquist 1985; Jonasson 1993; Gude et al. 2000; Bartsch et al. 2002; Theuring 2007) . The system consists of different, more or less separate cascading systems. These have very limited contact with each other on a short time basis. In the upper parts, the mass-wasting processes are dominated by talus formation. However, only very restricted amounts of these coarse-grained colluvial sediments are transferred further downslope. Normally, the vast part of the sediments finally transported by the rivers in the area seems to be of very local origin. Most of it has been eroded along and close to the riverbanks. It can be concluded that it is mainly the rapid mass-wasting processes that transport sediments along all of the cascading systems (Jonasson and Nyberg 1999; Jonasson et al. 2002; Beylich and Gintz 2004) .
Ongoing hydrological monitoring has shown the importance of high magnitude/low frequency discharge events (Gude et al. 2000; Beylich and Gintz 2004) , in particular during summer and autumn rainstorms. At two occasions during the last decades, some of the rivers affected by rainstorms have carried suspended sediments in 1 or 2 h that normally require several years to be transported (Jonasson and Nyberg 1999) . Also, the geomorphological effects caused by these rainstorms are very localized. In 2004, an exceptionally heavy rainstorm affecting vast areas in the Abisko area only triggered slope processes in a very restricted part of this area (Beylich and Sandberg 2005; Jonasson and Callaghan 2010) .
Recent studies on slow mass movements (solifluction) have been carried out by a research group from Uppsala University lead by Boelhouvers (Ridefelt and Boelhouwers 2006; Ridefelt et al. 2009 Ridefelt et al. , 2010 . Their findings show a strong correlation between movement rates and mean annual temperature. It has also been shown that there are higher rates of movements in the western, more humid, parts of the Abisko region as well as at lower altitudes between 700 and 900 m a.s.l. Beside the analyses of climatological parameters these studies have also demonstrated the importance of vegetation patterns for the occurrence of solifluction at a regional scale.
Further investigations of the importance of extreme/episodic events have been carried out at slush avalanche sites in the valley of Kärkevagge (Bull et al. 1995; Gude and Scherer 1995; Lundkvist 1998) . Stratigraphic investigations and dating indicate that this landform mainly consists of slush avalanche deposits resulting from major events that occur with a frequency of about 10-20 years. As the duration of a slush avalanche (or rather slush torrent) is only a few minutes, the total effective time for the post-glacial formation of this kind of landform is single week rather than thousands of years, even though the landform persists throughout the postglacial period. Findings from the process-oriented geomorphological research at the Abisko Station have been used within several applied research and nature protection projects as well as scientific input to environmental impact assessment studies (Bäck and Jonasson 1998; Nyberg and Rapp 1998; Lundkvist 2005) .
Recent Tree-Line Dynamics
The altitudinal tree-line formed by the mountain birch is an obvious phenomenon at Abisko that has attracted attention since the 1970's (Sonesson 1979) . Changes in the forest structure and tree-line have been documented throughout the Holocene (Sonesson 1974; Kullman 2008) . Studies on recent tree-line dynamics have focused on trying to identify causes of the tree-line and if any displacement can be related to recent climate warming. However, attempts to attribute more definitive causes of the tree-line dynamics have been largely unsuccessful. There is disagreement between those who argue for a common cause and those who favor multiple causes. At Abisko, multiple causes that include herbivory (Cairns and Moen 2004) are likely to be involved (Sveinbjörnsson et al. 2002) . A study that compared soil temperatures at the tree-line and in the valley forest, relating soil temperature to nitrogen uptake and birch seedling survival showed that soils at the tree-line were on average warmer than soils in the valley and would support the survival even of mature trees. However, the mean soil temperature of the growing season needs to be 12°C or higher to allow seedlings to take up sufficient nitrogen to survive their first winter (Karlsson and Weih 2001) .
Various characteristics of the tree-line at Abisko have been included in global data sets that demonstrate a correlation with a common isotherm (a seasonal ground temperature of 6.7°C; Körner and Paulsen 2004) . In addition, an international meeting of the expert group on ''Dynamics of the Tundra-taiga Interface'', chaired by T.V. Callaghan under the auspices of the International Arctic Science Committee reviewed the northern latitudinal tree-line and published a special report in AMBIO (Callaghan 2002) .
Studies of tree-line movement in response to recent warming found that tree-line increased in altitude by 20-50 m from the 1940's until the 1980's, probably as a result of an increase in mean annual air temperature of about 0.5°C that has occurred since the 1930's (Sonesson and Hoogesteger 1983) . A more recent study using aerial photography found an average of about 20-m increase in the same area between 1959 and 2000 (Hållmarker 2002) giving rates of increase of about 0.5 m yr -1 and 40 m per°C mean summer air temperature (Callaghan et al. 2004) .
Even more recently, a series of studies showed that displacement of the tree-line varies according to the nature of the drivers: invertebrate outbreaks have resulted in a lowering of the tree-line, steep slopes and rocky substrate have resulted in stability over 100 years while release from grazing and climate warming have resulted in an elevation of the tree-line in some areas (Van Bogaert et al. 2010 . Establishment of tree seedlings has also been facilitated by shrubs (Grau et al. 2012 ) and upward displacement of the shrub line has been deduced (Hallinger et al. 2010) . One recent clearly observed event is the invasion of aspen in the birch forest, a process that is unprecedented in the last 100 years (Van Bogaert et al. 2010; Rundqvist et al. 2011) .
The establishment of a carbon flux monitoring of the birch forest at the Abisko Station in 2004 accidentally coincided with a massive outbreak of the autumn moth Epirrita autumnata. This provided an unexpected opportunity to document the effect of insect outbreaks, i.e., in general terms ''ecosystem disturbance'' on the carbon balance of the birch forest ecosystems (Heliasz et al. 2011 ). This effect is substantial in the individual year and it takes many years of recovery. This underlines the importance of long-term monitoring of these ecosystem processes if a comprehensive understanding is to be achieved (Heliasz et al. 2011) .
Permafrost Degradation and Associated Environmental Changes
Studies from Lund University have documented changes in permafrost, vegetation, and greenhouse gas emissions. One study, part of the International Permafrost Association's Circumpolar Active Layer Monitoring programme, has recorded disappearance of permafrost in some mires over the past 20 years (Å kerman and Johansson 2008) . In addition, aerial photography arranged by the Abisko Station in 2000 allowed a comparison of vegetation at the Stordalen Mire (some 10-km east of the Abisko Station) with photographs from the IBP period of 1970. Since then wet areas and associated vegetation of the mire have increased substantially (Malmer et al. 2005) suggesting significantly increased methane emissions (Christensen et al. 2004) .
Recent studies have started to explore an integrated approach to catchment scale investigations of the mass balance in terms of carbon fluxes. Both the large-scale initial estimations of the whole Torneträsk catchment have been documented (Christensen et al. 2007 ) but also more detailed sub-catchment analysis in the Stordalen catchment . All of these efforts show an interconnectivity in the landscape where it becomes clear that carbon cycling in one part of the system is deeply dependent on processes in neighboring ecosystems (e.g., lakes and birch forest/palsa-mire ecosystems; Karlsson et al. 2010) . Change in the permafrost environment is one of the most significant examples in the circumpolar North of how permafrost thaw affects ecosystem functioning with implications for feedback mechanisms in a changing climate.
The Stordalen mire area has in recent years seen one of the most comprehensive set of data on land-atmosphere exchange processes in a northern ecosystem. General carbon fluxes (Christensen et al. 2004 Bäckstrand et al. 2008; , specifically methane fluxes by advanced eddy covariance techniques (Friborg et al. 1997; Jackowicz-Korczynski et al. 2010) and also fluxes of volatile organic compounds (Holst et al. 2010) have been documented in the mire realm. In addition, the surrounding freshwaters have been studied from the same perspective (Karlsson et al. 2010; Wik et al. 2012) as well as the birch forest upstream from the mire complex (Heliasz et al., unpublished) .
In general, these studies document a very dynamic ecosystem and also one that is currently changing its shape and form due to permafrost thaw and most likely toward one that is more aggressive in terms of radiative forcing of the atmosphere (Christensen et al. 2004; Johansson et al. 2006a ) because of the relative greater strength of increasing methane emissions as compared with changes in CO 2 exchanges in terms of climate warming.
The distribution of mountain permafrost in northern Sweden and its changes over the last decades are fairly poorly known compared with palsa-mire permafrost (Ridefelt et al. 2008 ). Only a handful of studies have focused on this issue. Previous studies on bottom temperature of snow cover (BTS) in the Abisko region reported permafrost above 1000 m a.s.l. (King 1984) . Similar results were also reported by Jeckel (1988) , who confirmed permafrost at 880 m a.s.l. In an alpine mire on Mt. Luovare at 670 m a.s.l., frozen peat was documented down to more than 130 cm from the surface (Sonesson 1974) . More recent BTS investigations on permafrost along selected transects on Mt. Njulla and in Björkliden (Förster 2005) suggest that the limit of alpine permafrost is at an altitude between 914 and 1076 m a.s.l., which basically confirm earlier findings (King 1984; Jeckel 1988) . Ridefelt et al. (2008) combined BTS measurements with models on logistic regression. The models show probabilities [0.8 for permafrost at areas above 1300 m a.s.l. in the western part of the study area. In the eastern part, closer to Abisko, the models indicate probabilities [0.8 for permafrost above 850 m a.s.l. on north-east and east-facing slopes, above 1000 m a.s.l. on west-facing slopes and above 1100 m a.s.l. on south-facing slopes.
Phenological Studies
The phenological development of plants is particularly important within the short, variable, and cool growing seasons of northern latitudes. Although empirical and theoretical studies suggest that climate influences the timing of life-history events such as flowering in plants, correlations between climate and the timing of events do not reveal the mechanisms by which natural selection operates on life-history events. Post et al. (2001) , developed an autoregressive model of the annual first date of flowering for a 50-year phenological record in Norway. Plants generally bloomed earlier following warmer winters and earlier blooming reflected increased influence of resources and density-dependent population limitation under climate warming. More recently, dramatic changes in phenology have been recorded in the Arctic, mainly in north-east Greenland (Høye et al. 2007 ) and west Greenland (Callaghan et al. 2011) .
Phenological studies started at the Abisko Station about 90 years ago (Fries 1925 ) but were discontinued. Recently, phenological studies have gained increasing significance because of expected changes in growing season timing due to climate change. A 10-year study of 144 species at the Abisko Station's Latnjajaure field station showed that phenology was controlled mostly by thawing degree days and duration of snow cover . First flowering day showed no trend over the period and relatively little inter-annual variability. A ''lability'' index describing the degree of interannual variability and a ''phenology'' index representing various plant-type classifications were constructed .
In a study of the controls of bud-burst in mountain birch by Karlsson et al. (2003) , models based on laboratory incubation of shoots at different temperatures showed that a 1 C increase in temperature would result in a 3-to 8-dayearlier bud-burst. However, data on bud-burst collected over a 70-year period failed to show any significant trend in bud-burst at that time (Karlsson et al. 2003) . More recent analyses from repeat photography demonstrate an earlier development of birch leaves by 1.6 weeks between 1978 and 2007 (Andrews et al. 2011) .
